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© Apparatus for hydrocarbon fuel processing. 

© A double counter-current flow hydrocarbon fuel refor- 
mer utilizes 8 combustion catalyst and incorporates a high 
temperature shift reactor for improved thermal and spatial 
efficiency. Use of a combustion catalyst results in more 
efficient fuel usage, less fuel consumption, and eliminates 
the need ^or firebrick within the combustion chamber. 
Incorporation of a shift reactor into the reformer enables 
performance of a portion of the shift reaction within the 
reformer and serves to improve heat transfer from the 
reformed gas into the reformation reaction chamber, further 
reducing fuel consumption and more rapidly lowering the 
product gas temperature into the range in which the shift 
reaction is favored. About 30-40% of the shift reaction can be 
performed within the shift reaction chamber of the inte- 
grated reformer, enabling the size of the external shift 
reaction device to be reduced proportionately. This inte- 
grated fuel reformer/shrft reactor is ideally suited for use in a 
pressurized phosphoric acid fuel cell system. 
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APPARATUS FOR HYDROCARBON FUEL PROCESSING 

This invention relates to apparatus for hydrocar- 
bon fuel processing, ahd more particularly to a double 
counter- current flow steam reformer with an integral 
water/gas shift converter useful to convert hydrocarbon 
feed mixtures into a hydrogen bearing fuel for use in fuel 
cell based systems, particularly those employing a phos- 
phoric acid electrolyte. 

Reformers are used throughout process industries 
to produce a process gas such as a hydrogen rich stream by 
reacting steam with a hydrocarbon in the presence of a 
catalyst at high temperatures, typically above 1000°F. The 
reformation reaction is highly endothermic . The hydrogen 
rich stream is usually consumed by any of several process- 
es, for example, ammonia synthesis, de-aromatization, and 
hydro-desulfurization and the gas is suitable for use as a 
fuel in fuel cell based systems employing a solid oxide 
electrolyte. 

However, the high levels ' of carbon monoxide in 
this reformed gaseous mixture, typically on the order of 
9-10%, make this process gas unacceptable for use as a fuel 
in fuel cell systems employing a phosphoric acid electro- 
lyte without further conditioning. For such applications, 
a water/gas shift reactor is used to convert the carbon 
monoxide in the reformed gas mixture and water, which is 
introduced as steam, into carbon dioxide and more hydrogen. 
Unlike carbon monoxide, the carbon dioxide produced in the 
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shift reactor does not adversely affect fuel cells employ- 
ing a phosphoric acid electrolyte. This shift reaction, 
which is slightly exothermic, is" favored at lower tempera- 
tures than the reaction in the reformer. Therefore, the 
5 reformed gas must be cooled from its reformer exit tempera- 
ture of about 1200-1500°F to under 1100°F before the shift 
reaction is favored and further reduction of the tempera- 
ture to 700-900 °F is preferred. 

In fuel cell systems as well as in the process 
L0 industries, two of the major considerations regarding 
reformers are thermal efficiency and size. 

A potential source of heat for the highly endo- 
thermic reformation reaction is the heated product gas 
which exits from the catalyst material within the reaction 
L5 section of the reformer and must be cooled before' the shift 
reaction will be favored. By using a double counter- 
current design reformer, this hot reformed gas is passed in 
heat exchange relation with, the reaction section and the 
reformer catalyst material contained therein, with the 
20 double benefit .of transferring heat needed to start and 
maintain the reformation reaction into the reaction section 
while reducing the temperature of the reformed gas for 
shift reaction purposes. This design also results in a 
slight reduction in equipment size by merging the product 
25 gas cooler with the reformer. However, further thermal 
efficiency increases and equipment size reductions are 
possible and desirable. 

Accordingly, the present invention resides in an 
apparatus for producing from hydrocarbon feedstock a 
30 gaseous mixture principally comprising hydrogen, character- 
ized in that said apparatus comprises: elongated combustion 
chamber means adapted to have fuel and oxidant introduced 
therein and reacted therein to generate heat for heating 
said hydrocarbon feedstock and for supporting a hydrogen- 
35 producing reaction; reformation reaction chamber means 
retaining reformer catalyst material therein and being 
formed about said combustion chamber means in heat exchange 
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relationship with the latter; shift reaction chamber means 
containing shift catalyst material and being formed about 
said reformation reaction chamber means in heat exchange 
relationship with the latter, an end portion of said shift 
reaction chamber means and an end portion of said reforma- 
tion reaction chamber means being in gaseous flow communi- 
cation; preheated gas flow-producing means for producing a 
preheated gaseous flow of hydrocarbon feedstock and steam 
in .a first direction through said . reformation reaction* 
chamber means wherein "said hydrocarbon feedstock and steafo- 
are reacted in . the presence of heat and. said reformed 
catalyst material to form a mixture comprising hydrogen, 
carbon monoxide, carbon dioxide, and residual steam; and an 
additional shift reaction device for substantially com- 
pleting the conversion of residual carbon monoxide to 
carbon dioxide, and in that the apparatus is arranged so 
that said mixture, upon passing from said reformation 
reaction chamber means, is then flowed into said shift 
reaction chamber means in a second direction opposite to 
said first direction, to react within said^ shift reaction 
chamber means in the presence of said shift catalyst 
material to form a mixture comprising carbon dioxide arid, 
additional hydrogen from said carbon monoxide and residual 
steam; and the resulting gaseous products are then flowed 
into said additional shift reaction device. 

In order that the invention can be more clearly 
understood, a convenient embodiment thereof will now be 
described, by way of example, with reference to the accom- 
panying drawings iri which: 

Figure 1 is a sectional elevation of a prior art 
fuel reformer of the double counter-current flow type; and 

Figure 2 is a sectional elevation of a double 
counter- current ,flow fuel reformer with an integrated shift 
reactor and incorporating a combustion catalyst. 

Referring now to Figure 1, there is shown a 
double counter-current flow reformer 10 constructed in 
accordance with the prior art. In general, reformer 10 is 
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comprised of combustion chamber 12, reaction chamber 14, 
and product chamber 16. Combustion chamber 12 is bounded 
by wall 18 and wall 20 and houses combustor 22 and exhaust 
24. A fuel is supplied to combustor 22 through fuel supply 
5 line 26. An oxidant gas is introduced into combustion 
chamber 12 through oxidant supply line 28. The lower 
portion of combustion chamber 12 is protected by a lining 
°f firebricks 30. Combustion products from combustor 22 
flow upwardly as shown by arrow 32 and are discharged 

L0 through exhaust 24. Reaction chamber 14 is formed about 
combustion chamber 12 between wall 34, and wall 18, which 
is shared with combustion chamber 12 and causes reaction 
chamber 14 to be in heat exchange relation with combustion 
chamber 12. Catalyst t support 36 retains reformer catalyst 

15 material 38 within reaction chamber 14. Product chamber 
16, is formed about reaction chamber 14 between wall 40, 
and wall 34. Wall 34 is shared with reaction chamber 14 
and causes product chamber 16 to be in heat exchange 
relation with reaction chamber 14. Connecting passageway 

20 42 causes product -chamber 16 to be in gaseous flow communi- 
cation with reaction chamber 14. Process gas supply line 
44 is used to introduce process gas into reaction chamber 
14 and product gas outlet line 52 removes product gas from 
product chamber 16 and transports it to external shift 

25 reactor 53. 

In operation of the prior art reformer, a fuel is 
supplied to combustor 22 through fuel supply line 26 and an 
oxidant gas is supplied through oxidant supply line 28. 
Following ignition in combustor 22, the combustion products 

30 flow upwardly as shown by arrow 32, heating reaction 
chamber 14 and reformer catalyst material 38 retained 
therein through common wall 18. The combustion products 
exit combustion chamber 12 through exhaust 24. 

A process gas to be reformed, such as a de- 

35 sulphurized and preheated hydrocarbon mixed with steam, 
enters reaction chamber 14 through process gas supply line 
44. The direction of flow of the process gas, as indicated 
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by arrow 46, is counter to the direction of flow of the 
combustion products, as shown by arrow 32. The downwardly 
flowing process gas passes through reaction chamber 14 and 
reformer catalyst material 38 contained therein, then 
passes through passageway 42 before reversing direction at 
arrow 48 and entering product chamber 16. The reformed 
process gas or product gas then flows upwardly in the 
direction of arrow 50, which is counter to the direction of 
flow of the process gas through reaction chamber 14 as 
indicated by arrow 46, until it is discharged through 
product gas ^outlet line 52 into external shift reactor 53. 
As a result of the flow direction reversals, the reformer 
is characterized as a "double counter-current flow" re- 
former. 

The process gas, comprised of a desulphurized 
hydrocarbon and steam, is reacted within reaction chamber 
14 in the presence of heat and a catalyst, forming a 
mixture of hydrogen gas, carbon dioxide, carbon monoxide 
and residual steam. The reactions for one hydrocarbon, 
methane, are given below: 

heat 

CH 4 + 2H 2 0 * C0 2 + 4H 2 
heat 

CH 4 + H 2° * 00 + 3H 2 

Heat for the reactions is generated by combustor 
22 within combustion chamber 12 and is transferred into 
reaction chamber 14 and reformer catalyst material 38 
through shared wall 18. The reformed product gas exits 
reformer catalyst material 38 through porous catalyst 
support 36 at a temperature of about 1200-1500°F. By 
passing this hot .product gas through product chamber 16 in 
heat exchange relation with reaction chamber 14, about' 
10-25% of the heat duty for the reformation reaction can be 
extracted from the product gas. This heat transfer to 
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reaction chamber 14 also aids in the necessary reduction in 
the product gas temperature prior to the introduction of 
the product gas into shift reactor 53 , where the undesir- 
able carbon monoxide is reacted with steam to produce 
5 carbon dioxide and hydrogen. However, no reactions occur 
in product chamber 16 nor is any further fuel processing 
performed therein. 

In accordance with the present invention addi- 
tional fuel processing as well as thermal and spatial 

10 efficiency improvements can be obtained from the same, size 
: reformer by packing product chamber 16 with water/gas shift 
catalyst material, transforming product chamber 16 into a 
second reaction chamber. Fuel efficiency is, improved 
through the use of a combustion catalyst rather than a 

15 burner assembly, such as combustor 22. 

Referring now to Figure 2, there is shown a 
reformer/shift reactor 54 which comprises combustion 
chamber means 56 , reformation reaction chamber means 58 and 
shift reaction chamber means 60. Combustion chamber 56 is 

20 formed by first wall 62 and is comprised of premixer 
section 64 # combustion catalyst region means 66, and 
exhaust means 68. Typically, an oxidatiorr or combustion 
catalyst material 70, such as a noble metal '(preferably 
platinum, palladium, or rhodium) on an alumina substrate, 

25 is supported within combustion chamber 56 by combustion 
catalyst material retaining means 72, preferably of mesh 
material such as stainless steel or "Inconel". A fuel, 
preferably spent anode gas for a reformer in a phosphoric 
acid fuel cell system, is supplied to combustion chamber 56 

30 through fuel supply means, such as fuel supply line 74. An 
oxidant, preferably spent cathode gas in a phosphoric acid 
based fuel cell system, is supplied to combustion chamber 
56 through oxidant supply means, such as oxidant supply 
line 76. Reformation reaction chamber 58 is formed about 

35 combustion chamber 56 between second wall 78, and first 
wall . 62. Wall 62 is shared between reformation reaction 
chamber 58 and combustion chamber 56 and causes reformation 
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reaction chamber 58 to be in heat exchange relation With 
combustion chamber 56. Reformer catalyst material 80, 
preferably a nickel compound and/or a noble metal, such, as 
platinum, palladium, or rhodium, on an alumina substrate-, 
usually in pellet form, is supported within reformation 
reaction chamber 58 by reformer catalyst support 82, which 
may be stainless steel mesh. Shift reaction chamber 60 is 
formed between third wall 84, and second wall 78, which is 
shared with reformation reaction chamber 58 in such a way 
that gaseous fluid can pass from reformation reaction 
chamber 58 into shift reaction chamber 60 through connect- 
ing passageway 86 around wall 78 and heat can be trans- 
ferred from shift reaction chamber 60 into reformation 
reaction chamber 58 through shared wall 78. Shift catalyst 
material 90, preferably iron/chromium or chromium material, 
is packed into shift reaction chamber 60. Wall 84 is 
insulated from heat loss by conventional methods, which may 
take the form of an insulation coating 88. 

During operation of reformer/shift reactor 54, a 
fuel, preferably spent anode gas for a reformer in a fuel 
cell system employing a phosphoric acid electrolyte, is 
introduced into combustion chamber 56 through fuel supply 
line 74. Oxidant, preferably spent cathode gas for a 
phosphoric acid fuel cell system, is introduced into 
combustion chamber 56 through oxidant supply line 76. In 
the preferred embodiment, the gases rise generally \ in the 
direction of arrow 92 through premixer section 64 and into 
catalyst section 66 where ignition of the fuel occurs. The 
use of an oxidation or combustion catalyst 70, such as 
"DuPont Platinum Black", made by the DuPont Chemical 
Company, allows combustion of the fuel to take place at a 
much lower temperature and over a longer axial distance 
than with a conventional burner assembly while providing 
substantially the same amount of heat as required by a 
state of the art reformer. The distribution of the combus- 
tion reaction also eliminates the need for firebricks 
within combustion chamber 56. The products from the 
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combustion process are discharged from the reformer at 
exhaust 68 and may be used to supply heat for other pro- 
cesses such as steam generation or product gas preheating. 

Typical temperatures in this reformer at various 
identified points are as set forth below: 



LEVEL IN 
CHAMBERS 



LO 



COMBUSTION GAS 
TEMPERATURE 

(Within Combus- 
tion Chamber) 



PROCESS GAS 
TEMPERATURE 

(Within Refor- 
mation Reac- 
tion Chamber) 



PRODUCT GAS 
TEMPERATURE 

(Within Shift 

Reaction 

Chamber) 



A 800-1100°F 
B 1500-17OO°F 
C 1200-15OO°F 



400-800°F 

1200-1400°F 

1200-1500°F 



800-1200°F 
1000- 1400 °F 
1200-1500°F 



15 The maximum temperature experienced by wall 62 of 

combustion chamber 56 is at point C and is in the neighbor- 
hood of 1500°F. Since this temperature is sufficiently 
below the maximum working temperature for most metals that 
would be preferred for reformer use, no refractory lining 

20 is required within combustion chamber 56. 

Hydrocarbon feedstock, preferably methane in most 
cases although light naphtha, methanol, or other hydrocar- _ 
bons can be used, is first desulphurized in order to extend 
the useful life of reformer catalyst materials. The 

25 selected hydrocarbon is then preheated to 400 to 800°F in 
conventional . preheater 93, vaporizing hydrocarbons which 
are liquid at room temperature. A process gas, which is 
produced by mixing the desulphurized and preheated hydro- 
carbon vapor with steam, is introduced into reformation 

30 reaction chamber 58 through process gas supply line 94. 
The process gas is forced in a first direction, which may 
be downwardly as indicated by arrow 96, through reformer 
catalyst material 80 contained in reformation reaction 
chamber 58 by reformable gas flow-producing means, such as 

35 a pump 97 or other prfessurization means. Preferred reform- 
er catalyst materials, which employ an alumina substrate, 
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are nickel and/or noble metals, particularly platinum, 
palladium or rhodium. Within reformer catalyst material 80 
inside of reformation reaction chamber 58, the hydrocarbon 
and steam react in the presence of heat* and the catalyst to 
form carbon dioxide, carbon monoxide, and hydrogen gas. 
The reactions for one hydrocarbon, methane, are given 
below: 

heat 

CH 4 + 2H 2 0 •» C0 2 + 4H 2 
heat 

CH 4 + H 2° "* C0 + 3H 2 

The products of these reactions, carbon dioxide, carbon 
monoxide and hydrogen, can be fed directly into solid oxide 
fuel cells as a fuel. However, the reformed process gas or 
product gas contains, about 9-10% carbon monoxide. Since 
carbon monoxide in levels above -1% is harmful to pressur- 
ized fuel cells employing a phosphoric acid electrolyte, 
further fuel conditioning is required before the product 
gas can be used as a fuel in such phosphoric acid fuel 
cells. 

This additional fuel conditioning usually takes 
place in an external shift reactor. While the optimum 
temperature for the shift reaction is dependent upon the 
catalyst chosen, the shift reaction is generally favored at 
lower temperatures than the reformation reaction. There- 
fore , the product gas must be cooled from its temperature 
upon exiting the reformer catalyst material 80 of about 
1200-1*500°F regardless of which catalyst is chosen. 
However, in most cases a high temperature shift catalyst is 
used with iron/chromium and chromium being preferred, 
resulting in an optimum shift reaction temperature range of 
700-900°F. 

*> 

Product annulus 16 of the prior art reformer 10 
shown in Figure 1 is packed with high temperature shift 
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catalyst material 90 as shown in Figure 2, creating shift 
reaction chamber 60. Reformable gas flow-producing means, 
such as pressurization from a tank (not shown) or a pump 
97, causes the product gas to exit reformer catalyst 
5 material 80 contained within reformation reaction chamber 
58, pass into shift catalyst material 90 within shift 
reaction chamber 60, pass through passageway 86 around wall 
78, and turn in a second direction substantially parallel 
and counter directional to said first direction, which may 

10 be upwardly as, indicated by arrow 98. Shift catalyst 
material 90 is similar to reformer catalyst material 80, 
promoting residual hydrocarbon reformation in the sections 
of shift reaction chamber 60 in which the temperature is' 
sufficient (above 1000°F). Shift catalyst material 90 also 

15 serves as an excellent heat transfer material with the heat 
removed from the product gas passing through wall 78 into 
reformation reaction chamber 58, where it is needed for the 
endothermic reformation reaction. The transfer of heat 
from shift reaction chamber 60 into reformation reaction 

20 chamber 58 is greatest in the region about Point A, where 
the temperature differential between the product gas and 
process gas is the highest. As hereinbefore indicated in 
chart form, the product gas temperature at Point A is about 
800-1200°F while that of the process gas is only about 

25 400-800°F. However, heat is also transferred through wall 
78 about Points B and C to the portions of reformation 
reaction chamber 58 in which the highly endothermic refor- 
mation reaction is absorbing heat. 

Within the final one-half to one-third portion of 

30 shift reaction chamber 60, represented by Level A and part 
of Level B in Figure 2, the product gas temperature will 
have dropped sufficiently that the water/gas shift reaction 
will be favored. The reaction is generally as follows: 



CO + H 2 0 -» C0 2 + H 2 + heat 
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This reaction, which is slightly exothermic, results in 
additional hydrogen generation, reduces the level of 
undesirable carbon monoxide, and introduces carbon dioxide, 
which is not harmful to phosphoric acid fuel cells. Since 
the entire shift reaction cannot be performed in. shift 
reaction chamber 60 due to spatial considerations, the 
reformed and partially shift reacted gas exits shift 
reaction chamber 60 through product gas exit line 100 as 
shown by arrow 102 and proceeds into external shift reac- 
tion device 104 for final reduction 1 of the carbon monoxide 
to acceptable levels. 

The thermal efficiency of reformer/shift reactor 
54 is superior to that of the prior art reformer in several 
ways. Use of a combustion catalyst enhances fuel efficien- 
cy over use of a conventional burner assembly by dispersing 
•the combustion reaction about reformation reaction chamber 
56 where heat is required to support the reformation 
reaction. Shift catalyst material 90 serves to increase 
the local heat transfer coefficient of shift reaction 
chamber 60 over that of product chamber 16 of prior art 
reformer 10 depicted in Figure 1, reducing the amount, of 
heat required from fuel combustion. This more efficient 
heat transfer also serves to more rapidly reduce the 
product gas temperature into the temperature range in which 
the shift reaction is favored. The heat generated by the 
slightly exothermic shift reaction is also transferred 
through wall 78 into reformation reaction chamber 58 and 
accounts for about 2%-5% of the reformer heat duty, further 
reducing the amount of heat required from combustion. 

Although the entire' shift reaction cannot be 
performed within shift reaction chamber 60, a. sufficient 
portion of the reaction can be achieved therein that the 
size of external shift reaction device 104 can be substan- 
tially reduced. Since about 30-40% of the shift reaction 
is accomplished within shift reaction chamber 60, the 
external shift reactor can be correspondingly reduced in 
size. 
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The invention can be used in tubular as well as 
Blab or other type reformers with slab reformers favored 
for low pressure reforming operations (1-5 atmospheres). 
Tubular designs are preferred for higher pressure process- 
5 es, usually on the order of 5-20 atmospheres. 
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CLAIMS: t , 

1. Apparatus for producing from hydrocarbon 
feedstock a gaseous mixture principally comprising hydro- 
gen, characterized in that said apparatus comprises: 
elongated combustion chamber means adapted to have fuel and 
oxidant introduced therein and reacted therein to generate 
heat for heating said hydrocarbon feedstock and for sup- 
porting a hydrogen-producing reaction; reformation reaction 
chamber means retaining reformer catalyst material therein 
and being formed about said combustion chamber means in 
heat exchange relationship with the latter; shift reaction 
chamber means containing 'shift catalyst material and being 
formed about said reformation reaction chamber means in 
heat exchange relationship with the latter, an end portion 
of said shift reaction chamber means and an end portion of 
said reformation reaction chamber means being in gaseous 
flow communication; preheated gas flow-producing means for 
producing a preheated gaseous flow of hydrocarbon feedstock 
and steam in a first direction through said reformation 
reaction chamber means wherein said hydrocarbon feedstock 
and steam are reacted in the presence of heat and said 
reformer catalyst material to form a mixture comprising 
hydrogen, carbon monoxide, carbon dioxide, and residual 
steam; and an additional shift reaction device for substan- 
tially completing the conversion of residual carbon 
monoxide to carbon dioxide, and in that the apparatus is 
arranged so. that said mixture, upon passing from said 
reformation reaction chamber means, is then flowed into 



14 0199878 

said shift reaction chamber means in a second direction 
opposite to said first direction, to react within said 
shift reaction chamber 'means in the presence of said shift, 
catalyst material to form a mixture comprising carbon 
5 dioxide, and additional hydrogen from said carbon monoxide 
and residual steam; and the resulting gaseous products are 
then flowed into said additional shift reaction device. 

2. An apparatus according to claim 1, charac- 
terized in that the combustion chamber means comprises 

10 combustion catalyst material retained within combustion 
catalyst region means by combustion catalyst material 
retaining means so that the fuel introduced into said 
combustion chamber means through fuel supply means mixes 
with said oxidant, which is introduced through oxidant 

15 supply means, and is ignited within said combustion cata- 
lyst region means of said combustion chamber means, said 
combustion catalyst region means of said combustion chamber 
means being in heat exchange relationship with at least ,a 
portion of said reformation reaction chamber means for 

20 transferring at least a portion of the heat resulting from 
the ignition of said fuel into said reformation reaction 
chamber means and the reformer catalyst material therein 
retained. 

3. An apparatus according to claim 2, charac- 
25 terized in that the fuel comprises spent anode gas from a 

phosphoric acid fuel cell system and the oxidant gas 
comprises spent cathode gas from a phosphoric acid fuel 
cell system. 



